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RESULTS FROM A CONVECTIVE HEAT TRANSFER RATE 
DISTRIBUTION TEST ON A 0.0175 SCALE MODEL (22-0) 
OF THE ROCKWELL INTERNATIONAL VEHICLE 4 SPACE 
SHUTTLE CONFIGURATION IN THE AEDC-VKF TUNNEL B 


(OH4OB) 


by 
B. J. Herrera 
Rockwell International-Space Division 


ABSTRACT 


The tests were conducted in Hypersonic Wind Tunnel (B) at Mach 
number 8 during the period from July 2-11, 1974. The objective of the 
tests was the investigation of reentry mode convective heat-transfer 
rates to the Vehicle 4 shuttle orbiter. The thin-skin thermocouple 
technique was used to obtain the heat transfer rate measurements. A 


complete set of tabulated data is presented in this report. 
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Title 


Orbiter model with instrumentation reference 
system. 


Model sketches, 


a. 


Orbiter Model Nose and Cabin T/C Locations 
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and Fuselage 


Thermocouple Locations - Lower Wing Surface 
and Fuselage 


Thermocouple Locations - Vertical Tail and 
OMS Pod 


Thermocouple locations - Orbiter Aft 
Fuselage 


Model photographs. 
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Orbiter Mounted Inverted in Test Section 


Orbiter in Injection Chamber Prior to 
Insertion into Test Section 


Page 


39 


4O 


ke 


43 


uy 


45 


46 


47 


" ofa + balpw Furie * 


‘ 
nT oo oe Eee 


“ROE - 


On, Ete 


+ i NTS onehtapye Q7yt 


— 
1 


Symbol 
ALPHA, «a 


ALPHA-PREBEND 
ALPHA-SECTOR 


DELTARF, Spy 
DELTAE, 5, 
DELTASB, 6 op 
DIWDT, datw/dat 


H('TAW) 


H(TO) 


H( 970) 


NOMENCLATURE 


Definition 

Model angle of attack, deg 

Sting prebend angle, deg 

Tunnel sector angle, deg 

Model wall thickness, in. or ft. 

Total model wing span, in. (see Fig. 1) 


Vertical tail span with origin at Z = 500, in. 
(see Fig. 1) 


Model wall specific heat, Btu/lbm-°R 
Local wing or tail chord, in. (see Fig. 1) 


Local body deflection angle referenced to free- 
stream velocity (¢« + ALPHA-MODEL), deg 


Body flap deflection angle, deg 
Elevon deflection angle, deg 
Speed brake deflection angle, deg 


Derivative of the model wall temperature with 
respect to time, °R/sec 


Local body deflection angle with respect to the 
X-Y plane, deg 


Heat-transfer coefficient, -@-DOr_. Btu 
TAW = TW Pte asec -R 


Heat-transfer coefficient, _8-D0oT_ Btu 
TO « TW ft--sec-OR 


Heat-transfer coefficient, ee !./ Btu 
(0.970) ~ TW ft-~sec—R 


= 


. 
7 ‘Whee = 
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Symbol 


HREF, HREF-FR 


where 


L 
MACH 
MU-INF, MU 


THETA, 0 


P-INF, P 

PO 

Q~DOT, QDOT 
Q-INF, Q 


RE/FT 


RHO=}INF, RHO 


ROLL=-MODEL 


ST FR 


t 
~~ eee wl j 


NOMENCLATURE (Continued) 


Definition 


Reference heat-transfer coefficient based on Fay-Riddell 
theory, Btu/ft*-sec-°R 


uREF = §-139(POL)O-5 (mU-0)0-4(1 — PoINF/POL)0-25 
(RN)9°9(m9)0-1 


[0.2235 + 0.0000135 [TO + 560]] 


POl © stagnation pressure downstream of a normal 
shock, psia 


MU-O = air viscosity based on TO, lbf-sec/ft? 

RN © reference nose radius, (0.175 ft) 

Model centerline reference length, in. (see Fig. 1) 
Free-stream Mach Number 

Free-stream viscosity, lo-sec/ft? 


Thermocouple orientation angle in the orbiter cross- 
sectional plane, deg (Fig. 1) 


Free-stream pressure, psia 

Tunnel stilling chamber pressure, psia 
Heat-transfer rate, Btu/ft?-sec 

Free-stream dynamic pressure, psia 

Free-stream Reynolds number per foot, ft! 
Free-stream density, slug/ft3 

Model roll angle, deg. 

Theoretical stagnation point Stanton number for a 


0.0175-ft (1 scale foot) radius sphere calculated 
from Fay-Riddell theory 
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Symbol 


TAW 


T/C NO 
T-INF, T 
TO 

TW 


V-INF,V 


NOMENCLATURE (Continued) 


Definition 


ST FR = HREF 
(RHO-INF)(V-INF)[0.2235 + 0.0000135(TO + 560) }](32.17h) 





Time from start of model injection cycle, sec 


Calculated adiabatic wall temperature, °R 


TAW = TO x [0.867 + 0.133(sint+554)] for thermocouples 
listed in Table V 
TAW = 0.9 x TO for thermocouples not listed in Table V 


Thermocouple number 

Free-stream temperature, °R 

Tunnel stilling chamber temperature, °R 
Model wall temperature, °R 

Free-stream velocity, ft/sec 

Model wall density, lbm/ft? 


Longitudinal coordinate with origin at model nose, in. 
(see Fig. 1) 


Longitudinal coordinate with origin 235 in. (fuli scale) 
upstream of the vehicle nose, in. 


Longitudinal coordinate with origin at vertical tail 
leading edge, in. (see Fig. 1) 


Longitudinal coordinate with origin at wing leading 
edge, in. (see Fig. 1) 


Lateral coordinate, in. (see Fig. 1) 
Model yaw angle, deg 
Vertical coordinate, in. (see Fig. 1) 


Sideslip angle, degrees (8 = -p) 


oO ae ro, 


Symbol 
X/L 
ZV 


H/HREF 


SUBSCRIPT 


NOMENCLATUR® (Concluded) 


Definition 


Non-dimensionalized fuselage station 
Vertical coordinate from Z = 500, in. (See Fig. 1) 


Ratio of model heat-transfer coefficient to heat-transfer 
coefficient of reference sphere 


Initial condition 


ter 


CONFIGURATIONS INVESTIGATED 





The test article was a 0.0175=-scaie thin-skin thermocouple model of 


th eridend RR Fecha Soda a GATS Mart Bie ensiratineto 


the Rockwell International Vehicle~Four configuration lightweight orbiter. 


Ww. 
— 


This configuration is defined on Rockwell Drawing VL70-O000140B. Dimen- 





sional data are given in Table III, and a sketch of the orbiter is shown 


in figure l. 
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Provisions were made to test the reentry mode orbiter with the 


following movable control surface deflections: | i 
Elevons: 0, 5, 10, 15, ~7, ~-30 deg 
Rudder Speed Brake: 0, 40 deg 
Body Flap: 0, 5, 15, 22 deg 


The structural area of the model is constructed of 17-4 PH with 
instrumentation areas of 15-5 PH and 17-4 stainless steel. The nominal 
skin thickness at instrumentation areas was 0.030 in. 

The following nomenclature was used to describe model components for 
the vehicle 4 configuration 22-0T model: 

Bos Basic fuselage body of double delta vehicle 4 


configuration lightweight orbiter per Rockwell 
Drawing VL70-000140B 


Cio Canopy per drawing number VI.70-000140B 
Eng Elevon with wing W116 trailing edge sweep back 
angle of ~10.25°. Drawing number VL70-000140B 
§ 
Fio Body flap, VL70-000140B Drawing 
My, Orbital maneuvering system pods (OMS) per 
drawing number VL70-000139 
Re Rudder, drawing number VL70-000F"5 and VL70-000139 
7 


+ at 
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W116 
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CONFIGURATIONS INVESTIGATED (Concluded) 


Centerline vertical tail double wedge aerofoil 
with rounded leading edge per drawing number 
VL70~-000095 and VL70-000139 


Double delta wing per drawing number VL70-000140B 


w+ 
- 
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INSTRUMENTATION 


The orbiter model was instrumented with 314 iron-constantan 
thermocouples spot-welded to the model inner surface. The orbiter 
instrumentation reference system is shown in Figure l. 

Instrumentation locations are illustrated in Figures 2a through 
ce. The dimensional locations of the instrumentation and the local 


skin thickness at each position are given in Table IV. 


2 2 i . 
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: TEST FACILITY DESCRIPTION 


é. Tunnel B is a continuous, closed-circuit, variable density wind 
tunnel with an axisymmetric contoured nozzle and a 50-inch-diameter test 
section. The tunnel can be operated at a nominal Mach number of 6 or 8 
at stagnation pressures from 20 to 300 and 50 to 900 psia, respectively, 
at stagnation temperatures up to 1350°R. The model can be injected into 


the tunnel for a test run and then retracted for model cooling or model 


ee ee 


, >, a 


changes without interrupting the tunnel flow. A description of the 


tunnel may be found in Reference 3. 
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TEST PROCEDURE 


Thermocouple outputs were recorded using the VKF digital data 
scanner in conjunction with a Beckman 210 digital date system. The 
thermocouple outputs were scanned at the rate of 20 times per second 
starting at the beginning of model injection and continuing until about 
3 seconds after the model reached tunnel centerline. After each injection, 
the model was cooled to an isothermal state using high-preesure air and 


any required control surface deflections were effected manually. 
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DATA REDUCTION 


The reduction of thin-skin thermocouple data normally involves cnly 


the calorimetric heat balance, which, in coefficient form, is 


aTW/at (1) 


\ os 
H( To) ec To - TW 


Radiation and conduction losses are neglected in this heat valance, 
and data reduction simply requires evaluation of aTw/dt from the temper- 
ature-time data and determination of model material properties. For the 
present tests, radiation effects were negligible; however, conducticn 
effects were significant in several regions of the models. To permit 
identification of these regions and improve evaluation of the data, the 
following procedure was used. 

Separation of variables and integration of Eq. (1), assuming 


constant w, b, Cp, and TO, yields 


H(0) TO - TWy 
abey (t- ty) fn aOR (2) 


Since H(10)/woep is a constant, plotting fn (TO ~ Tw,)/(T0 - TH) 
versus time will give a straight line if conduction is negligible. Thus, 
deviations from a straight line can be interpreted as conduction effects. 

The data were evaluated in this manner, and generally a reasonably 
linear portion of the curve could be found for all thermocouples. A 
linear least-squares curve fit of fn (To - Tw,)/(TO - TW) versus time 
was applied to the data beginning at the time when the model reached 
uniform flow and extending for a time span which was a function of the 


heating rate, as shown below: 
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DATA REDUCTION (Continued) 
Range Number of Points 
atw/dt > 32 5 
16 < atw/dt < 22 T 
8 < atw/dt < 16 9 
4 <atw/dt < 8 13 
2<adtw/dt <¢ 4 17 
1<am/at < 2 e 
atw/dt < 1 47 


In general, the time spans given above were adequate to keep the 
evaluation of the right-hand side of Eq. (2) within the linear region. 
Strictly speaking, the value of Cy is not constant, as assumed, and ite 
following relations 

cy = 0.0645 + (5.8 x 1077)IW,(15-5 PH stainless stee2) 

Cy = 0.0797 + (5.556 x 10°>)tw, (17-4 PH stainless steel) 
were used with the value of TW at the midpoint of the curve fit. The 
maximum variation of Cy over any curve fit was less than 1.c percent; 
thus, the assumption of constancy was not grossly violated. The value 
of density used for each type steel was 

w = 490.75 lbm/ft> (15-5 PH stainless steel) 

w= 490.0 lbm/ft> (17-4 PH stainless steel) 

Uncertainties of the basic tunnel parameters were estimated from 
repeat calibrations of the PO and TO instruments and from the repeate 
ability and uniformity of the tunnel flow during calibrations. The 
parameters, PO, TO, and MACH NO., with their uncertainties, were then 
used to compute the uncertainties in the other parameters dependent on 


these by means of the Taylor series method of error propagation. 
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DATA REDUCTION (Concluded) 


H 


Uncertainty, percent 


~~ twee 
_ 


MACH NO. = POMOC - 
+0.3 +0.5 +0.5 #£+1.2 
Estimated uncertainties for the individual terms in Eq. (2) were 
used in the Taylor series method of error propagation to obtain 


uncertainty in values of heat-transfer coefficient as given below: 


H(TO) Uncertainty, percent 


1074 10 
1073 T 
107° 5 


A complete set of the tabulated data is presented in the Appendix 


of this report. 
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TABLE I. 







OHLOB (AEDC V41B-57A) 





TEST = 
TEST CONDITIONS 







REYNOLDS NUMBER 


MACH NUMBER (per unit foot)x1 


oer x= Dan = PRN 
1.97 1.5 
7.98 2000 
7.99 2.5 
7 56 
8.00 3.3 1340 
8.00 3-7 £20 
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BALANCE UTILIZED: 





CAPACITY: ACCURACY TOLERANCE, 





COMMENTS Instrumentation consisted of thermocouples only. 
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TABLE IIT. MODEL DIMENSIONAL DATA 


MODEL COMPONENT: BODY Bos, 
GENERAL DESCRIPTION: Vehicle 4 Orbiter Fuselage 
MODEL SCALE: 0.0175 


DRAWING NUMBER: ViL70-000200, 202, 203 VL70-000140B 


DIMENSIONS: FULL SCALE 
Length, In. (Nose at X = 235) 1293.3 
Max. Width, In. @ X = 1520 232 
Max. Depth, In. @ X = 1450 248.5 
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TABLE III. MODEL DIMENSIONAL DATA (Continued) 


MODEL COMPONENT: CANOPY Cy 
GENERAL DESCRIPTION: Configuration 4 canopy and windshield as used with 
Bos, 6 glass panes in windshield 

MODEL SCALE: 0.0175 

DRAWING NUMBER: VL70-000140B, 140¢, 202B 


DIMENSIONS: FULL SCALE MODEL SCALE 
Length X, = 434.643 to 670 -- In. 235357 
Max Width 
Max Depth. glass -- In. 28.000 


Nose/windshield intersection, X, = 434.643 
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TABLii TII. MODEL DIMENSIONAL DATA (Continued) 


MODEL COMPONENT: ELEVON - 56 


GENERAL DESCRIPTION: Configuration & 


NOTE: VL70-000400 data for (1) of (2) sides. Identical to Eos 
except airfoil thickness 
MODEL SCALE: 0.0175 


DRAWING NUMBER: VL70-000200, VL70-0001LK0B 


DIMENSIONS: FULL SCALE MODEL SCALE 
Area 223.5814 
Span (equivalent) 368, 34 
Inb'd equivalent chord 119.623 
Outb’d equivalens chord 55.1922 


Ratio movable surface chord/total 
surface chord 


At Inb'd equiv. chord 0.2096 0.2096 
At Outb'd equiv. chord 0.4004 O.4cok 


oweep Back Angles, degrees 


Leadiny Kadjzre 0,00 0.00 

Trailing Fdge - 10.056 - 10.056 

Hingeline 0.00 0.00 
Area Moment (Normal to hinge line) 851.1502 
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TABLE III. MODEL DIMENSIONAL DATA (Continued) 
MODEL COMPONENT: Body Flap Fo 


GENERAL DESCRIPTION: Vehicle 4 body flap with hingeline at Xp = 1532, 


MODEL SCALE: 0.0175 


DRAWING NUMBER: VL70-000140B, 140C  VL70-000200, 200A** 


DIMENSIONS: FULL SCALE MODEL SCALE 
Area, rte 133.71 : 
Span (equivalent), In. 255.42 
Ino'd equivalent chord, In. $1.00 
Outb'd equivalent chord, In. 81.00 
Ratio movable surface chord/total 
surface chord : 
At Inb'd equiv. chord 1.00 1.00 
At Outb'd equiv. chord 1,00 1.00 


Oweep Back Angles, degrees 


Leading Edve O 0 
Trailine Fdge 0 re) 
Hingeline 0 0 


Area Moment (Normal to hinge line) - et? 4 39.92 


Hingeline shown on -200, -200A drawing is inconeistent with 
Configuration Control Drawing and should be ignored. Planform 
dimensions have been utilized. 


Maximun. reivet, In. C0.6 
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TABLE ZII. MODEL DIMENSIONAL DATA (Continued) 

iiQDEL COMPONENT: OMS POD - M, 

GE! ‘RAG DESCRIPTION: Orbital Manuvering System Pods Located on the 
Orbiter Aft Fuselage 

MODEL SCALE: 0,017.75 


DRAWING NUMBR: VL70-000139 





NIMENSION: FULL SCALE MODEL SCAIE 
Length - In. 346.0 6.0550 
Max Width - In. 108.0 1.890 
Max Depth - In. 113.0 113.0 


Tn sed 


4 of OMS Pod 


WP = 463.9 IN. FS: WY 400 + 63.9 = 463.9 
RP = 80.0 IN. FS 


Length 1214.0 to 1560.0 = 346.0 IN. FS 


NOTE: My identical to M, of 2A configuration, except 
intersection to béddy. 
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TABLE III. MODEL DIMENSIONAL DATA (Continued) 


MODEL COMPONENT: RUDDER - R 


¢ ? 
; GENERAL DESCRIPTION: 2A, 3 and 3A Configuration per Rockwell Lines 
. VL70-000095 
t MODEL SCALE: 0.0175 
f DRAWING NUMBER: VL70-000139, VL70-000095 
DIMENSIONS: | FULL SCAiIE § MODEL SCALE 
; , Area - Ft® 106. 38 0.03258 
= : Span (equivalent) - In. 201.0 365175 
Inb'd equivalent chord 91.585 1.60274 
Outb'd equivalent chord 50.833 0.88958 
Ratio movable surface chcrd/tota2 
surface chord 
At Inb'd equiv. chord 0.400 0.400 
At Oubb'd equiv. chord 0.400 0.400 
Sweep Back Augles, degrees 
Leading Edge 34.83 34.83 
Trailine Edge 26.25 26.25 
Hingeline 34.83 34.83 
Area Moment (Normal to hinge line), Ft> 526.13 0.00282 


Product of Area and Mean Chord 
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TABLE III. 


MODEL COMPONENT: 
GENERAL DESCRIPTION: 
rounded leading edge. 
NOTE: 
MODEL SCALE: 0.0175 


DIMENSIONS: 
TOTAL DATA 


MODEL DIMENSIONAL DATA (Continued) 


VERTICAL ~- V7 


Centerline vertical tail, double wedge airfoil with 


DRAWING NUMBER: 


Same as V~, but with manipulator housing removed. 


VL70-000139, VL70-000095 


2 
Area (Theo), Ft 
Planform 
Span (Theo), In 
Aspect Ratio 
Rate of Taper 
Taper Ratio 
Sweep Back Angles, degrees 
Leading Edge 
Trailing Edge 
0.25 Element Line 
Choras: 
Root (Theo) WP 
Tip (Theo) WP 
MAC 
Fus. Sta. of .25 MAC 
We. Pe. of .25 MAC 
B. L. of .25 MAC 
Airfoil Section 
Leading Wedge Angle, Deg. 


Trailing Wedge Angle, Deg. 


Leading Fdge Radius 
Void Area - Ft2 
Blanketed Area 


FULL SCALE MODEL SCALE 
425.92 0.130b4 
315.72 5252510 

1.675 1.675 
0.507 0.507 
0.40h 0.404 
45.000 45.000 
26.249 26.29 
41.130 42.130 
268.50 4.69875 
108.47 1.89822 
199.81 3.49667 
1463.50 25.61125 
635.522 11.1216 
0.00 0.00 
10.000 10.000 
14.920 14.920 
2.0 0.0350 
13.17 0.00403 
0.00 0.00 
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TABLE III. MODEL DIMENSIONAL DATA (Concluded) 
GENERAL DESCRIPTION: Configureation 4 NOTE: Identical to 411 except 
airfoil thickness. Dihedral angle is along trailing edge of wing. 


MODEL SCALE: 0.0175 DRAWING NO.: VL70-000140B, VL70-000200 
DIMENSIONS: FULL SCALE MODEL SCALE 
TOTAL DATA 
Area (Theo.) Ft® 2690.00 
Span (Theo.) In. 93%.6816 
Aspect Ratio 2.265 2.265 
Rate of Taper 1.177 1.177 
Taper Ratio 0.200 0.200 
Dihedral Angle, degrees 3.500 3.500 
Incidence Angle, degrees 0.500 0.500 
Aerodynamic Twist, degrees + 3.000 + 3.000 
Sweep Back Angles, degrees 
Leading Edge 45.00 45.00 
Trailing Edge - 10.056 - 10.056 
0.25 Element Line 35.209 35.209 
Chords: 
Root (Theo) B.P.0.0. 689.2429 
Tip, (Theo) B.P. 137.8486 
MAC 47h. 8117 
Fus. Sta. of .25 MAC 1126.721 
W.P. of .25 MAC 291.00 
B.L. of .25 MAC 187. 33491 
EXPOSED DATA 
Area (Theo) Ft 1812. 2205 
Span, (Theo) In. BP108 736.6816 
Aspect Ratio 2.058 2.058 
Taper Ratio 0.2451 0.2451 
Chords 
Root BP1O8 570.6230 
Tip 1.00 b/2 137.8512 
MAC 354.2376 
Fus. Sta. of .25 MAC 1164237 
W.eP. of 1.25 MAC 292,00 
B.L. of .25 MAC 239.67786 
Airfoil Section (Rockwell Mod NASA)XXXX-64 
Root b/2 = 0.113 0.113 
Mp b/2 = 0.12 0.12 


Data for (1) of (2) Sides 
Leading Edge Cuff 


Planform Area Ft? 118. 333 
Leading Edge Intersects Fus M. L. @ Sta 505.0 
Leading Edge Intersects Wing @ Sta 1003.5 


Rc 26 


bead eee Tos 


TABLE IV. LOCAL MODEL DEFLECTION ANGLES 
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TABLE IV. LOCAL MODEL DEFLECTION ANGLES (Concluded) 


T/C | re Z t/c T/c 
No. Lament No. 
cc era | 90.0 | 900 rer 












le. | 8591 90.0 901 











860 6.9 | 881 16.75 | ! 902 

861 2.5 |; 882 10.5 |' 903 
862 sie 883 6.25 | 90h 
863 1.0 | 8h ko | 905 
B64 1.6 |) 685 1.5 

865 1.1 |! 886 1.5 
866 0.2 | 887 1.75 
~ 867 “3.5, 868 —~*«wCS 
868-75 |! 8890 Lo 
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ORBITER THERMOCOUPLE LOCATIONS 
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TABLE V. ORBITER THERMOCOUPLE LOCATIONS (Continued ) 
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ORBITER THERMOCOUlVLE LOCATIONS (Continued ) 
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ORBITER THERMOCOUPLE LOCATIONS (Continued) 
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ORBITER THERMOCOUPLE LOCATIONS (Continued) 
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ORBITER THERMOCOUPLE LOCATIONS (Continued) 
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SIDE VIEW 


a. Orbiter Model Nose and Cabin T/C Locations 
Figure 2. Model sketches. 
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rigure 2. Continued. 
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Figure 2, 
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Model photographs. 


Figure 3. 


Orbiter Mounted Inverted in Test Section 
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Orbiter in Injection Chamber Prior to Insertion into Test Section 
Figure 3. 
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Data are available on request from Data Management Services. 
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